Background: Physical activity is consistently associated with a reduced risk of colorectal cancer in epidemiologic studies. This association among higher risk subgroups, such as those with a first-degree family history of colorectal cancer or high body mass index remains unclear. Methods: We searched MEDLINE for studies examining physical activity and colorectal cancer risk among higher risk subgroups through July 11, 2017. Fifteen and three studies were eligible for inclusion for body mass index and first-degree family history of colorectal cancer subgroups, respectively. Estimates of the highest to lowest comparison of physical activity for each subgroup of risk were pooled using random-effects models. Results: The pooled associations of physical activity and colorectal cancer risk for those without and with a firstdegree family history of colorectal cancer were 0.56 (95% confidence interval (CI) = 0.39-0.80) and 0.72 (95% CI = 0. 39-1.32), respectively (p heterogeneity = 0.586). The pooled associations of physical activity and colorectal cancer risk for the low and high body mass index groups were 0.74 (95% CI = 0.66-0.83) and 0.65 (95% CI = 0.53-0.79), respectively (p heterogeneity = 0.389). Conclusions: Overall, a stronger relative risk of physical activity on colorectal cancer risk was observed in the higher body mass index group, although the difference was not statistically significant, suggesting an added benefit of physical activity as a cancer prevention strategy in population groups with strong risk factors for colorectal cancer. Additional research among these subgroups is warranted.
Background
Colorectal cancer (CRC) is the third most common cancer in men and second most common cancer in women worldwide [1, 2] . When tested and screened early, as high as 90% of CRCs could be prevented [3] . Screening has been shown to be cost-effective and ultimately results in decreased CRC incidence and mortality [4] .
However, it is estimated that approximately half of individuals diagnosed with CRC will have discovered the cancer at a later stage [3] . This situation emphasizes the importance of prevention and early detection procedures that can interrupt CRC development and progression, especially among populations at higher risk for CRC.
CRC arises from a combination of inherited susceptibility and environmental factors. Several personal factors are related to increased risk of CRC including a history of inflammatory bowel disease, a family history of CRC in a first-degree relative (FHCRC) and previous history of colon or rectum adenomatous polyps [5, 6] . FHCRC is known to increase the risk of CRC, the magnitude of which is dependent on the number of relatives, age of the relative at diagnosis and the degree of relation [7] . The lifetime risk of developing CRC is increased by approximately 100% in those with a first-degree relative diagnosed with CRC [8, 9] . Furthermore, patients diagnosed with low risk adenomas have a higher risk of metachronous advanced neoplasms compared to patients with no adenomas [10] .
Excess body weight (being overweight (body mass index (BMI) ≥ 25 kg/m 2 and <30 kg/m 2 ) or obese (BMI ≥ 30 kg/ m 2 ) has been consistently related to increased risk of CRC. Being overweight or obese can have physiological implications, particularly in the immune and endocrine system, leading to an increase of pro-inflammatory adipokine levels [11] . An overweight BMI can substantially increase the risk of CRC by approximately 9%, and for an obese BMI the risk increase is up to 19%, when compared to those that have a normal BMI [12] .
The epidemiologic evidence on the association between physical activity and reduced CRC risk has been classified as "convincing" by the World Cancer Research Fund/American Institute for Cancer Research [13] . Based on observational epidemiological evidence, the reduction in the risk associated with regular physical activity is estimated to be 25-30%, when comparing the most active to least active participants in these studies [14] [15] [16] [17] . The effects of physical activity on colorectal tumorigenesis are multifactorial and may be influenced by the parameters of physical activity such as the type, intensity, frequency and duration of activity [18, 19] . It remains to be determined whether or not physical activity provides an equal, or stronger, protective effect amongst "high-risk" populations who are at an increased absolute risk for CRC (i.e. those with a personal or family history of CRC or with particular hereditary syndromes). Depending on regional guidelines, high-risk populations are recommended to undergo augmented screening programs. In this population, the absolute risk for CRC is elevated, which suggests an opportunity for prevention.
Previous meta-analyses have demonstrated that physical activity is associated with a significantly decreased risk of CRC [15, 20] . However, the impact of physical activity in higher risk populations has not yet been established, furthermore whether there is a differential association between high-and low-risk populations has not yet been established. The purpose of this systematic review and meta-analysis is to estimate the relative risk associated with physical activity and CRC risk in higher risk populations, including those with FHCRC, and in overweight and obese populations.
Methods

Study selection
Relevant studies were identified through a search of the MEDLINE database using PubMed, conducted through July 11, 2017. We used a number of keywords and medical subject headings indicative of physical activity, CRC and higher risk populations or strong risk factors for CRC (i.e. alcohol, tobacco, first-degree FHCRC, excess BMI, history of polyps, energy intake, etc.) to identify epidemiologic studies investigating the association between physical activity and risk of CRC among subgroups at higher risk. A detailed search strategy is provided in Additional file 1: Table S1 . The search was not restricted by date or geographical area. Abstracts, unpublished results, conference proceedings, media articles and studies not published in English were excluded. In addition, reference lists of included articles and previous reviews of physical activity and CRC risk [15, 20, 21] were screened for additional relevant articles.
The initial screening of articles was completed by two independent reviewers (J.D. and R.J.) and updated independently by a third reviewer (C.S.). In cases of discrepancies between reviewers, the senior author (D.B.) was consulted. Predefined study inclusion criteria were: 1) incident CRC as the outcome, 2) exposure of recreational physical activity, total physical activity or transportationrelated physical activity, 3) separate effect estimates for subgroups of higher risk individuals, including those with previous FHCRC, previous polyps (adenoma) or those who are overweight or obese (BMI ≥ 25 kg/m 2 ). Studies were excluded if: the exposure was limited to only occupational, household or light-intensity activity; the population was limited to those with a previous CRC diagnosis and professional or elite athletes; the outcome was a benign disease or in situ tumor; or the study design was crosssectional, ecologic, a community-based intervention or a case study.
Data extraction
Study characteristics and effect estimates were extracted using a standardized abstraction form following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [22] . Data were extracted by one reviewer (R.J. or C.S.) with independent verification by another author (E.S.). For each study, we extracted information on study design, number of cases and controls, assessment of physical activity and CRC, effect estimates and adjustments for confounding, in addition to characteristics of study participants. For the effect estimates, we extracted hazard ratios (HRs), odds ratios (ORs) or relative risk (RRs) with accompanying 95% confidence intervals (CIs) for the risk of CRC associated with the comparison of the most active to the least active group. Depending on how BMI was categorized in some studies, multiple effect estimates were obtained at times and treated as separate populations [23] . The reciprocal value of the effect estimate was taken if physical inactivity was the exposure. In our analyses, we combined effect estimates across study designs where relevant, assuming HRs and ORs as approximations of the relative risk. In studies where subgroup analyses were indicated in the analytic methods but not presented in the article, corresponding authors were contacted via email for the data.
Subgroup analyses
For BMI subgroups, risk estimates for all subgroups were taken and classified in "low" and "high" BMI groups, depending on how the subgroups were divided in the studies. In general, "low" BMI groups represented those below the median value or the lowest tertile of a study and those in the "normal" range of BMI (<25 kg/m 2 ). Effect estimates that were classified as "high" BMI generally represented those above the median BMI or the higher two tertiles of a study and those in the "overweight" Where there was a sufficient number of studies for a given subgroup analysis (n ≥ 3), studies were stratified based on sex (male, female or combined), study design (cohort or case-control), cancer site (colon, rectal or colorectal) and whether or not the effect estimate represented the effects from an interaction of physical activity and BMI on risk of CRC. In instances of an interaction, effect estimates were presented with combined OR/RRs for the lowest BMI and highest physical activity group as the referent category. Studies were also grouped based on physical activity measurements and assessments, including the type of physical activity measured (total, recreational or commuting), timeline of measurement (lifetime or adulthood, past year/two years or unspecified/regular activity), and method of measurement (metabolic equivalent of task (MET)-h/week, kcal/week, number of times/week or month, or other form of measurement).
Statistical analysis
DerSimonian and Laird random-effects models were used to calculate pooled effect estimates from the included studies [24] . Overall pooled effects in each higher or lower risk subgroup were estimated, as well as stratified by sex, study design, cancer site, analysis of an interaction with BMI, geographical area and the assessment of physical activity (type, time and units of measurement, reference group of physical activity used).
Heterogeneity across studies was assessed using the Cochran's Q test and the I 2 statistic for the overall estimates, as well as the stratified estimates. Substantial statistical heterogeneity was considered to be present if the p-value of this statistic was <0.05 and the I 2 statistic was greater than 75% [25] . Stratum-specific analyses and meta-regressions were also performed based on stratification by the above-mentioned variables to compare both within and between BMI or FHCRC subgroups. Lastly, the Begg test, visual inspection of funnel plots and Egger's regression test were used to assess potential publication bias [26] . Additionally, a crude sensitivity analysis was performed to determine if the removal of any one study substantially changed the pooled effect estimate or heterogeneity of the overall analysis. All statistical analyses were performed using STATA® (version 14) and assessed with a 95% significance level, while forest plots were generated using R (version 9.3) [27] .
Results
Study selection
The initial search identified 1226 articles and 1231 articles were screened for titles and abstracts, including an additional five articles later identified through manual searches of reference lists (Fig. 1 ). Of these, 127 articles were further screened and assessed by full-text for inclusion in the systematic review and meta-analysis. Most articles were excluded due to lack of effect estimates stratified by higher risk subgroups, and ultimately, 20 articles covering 18 study populations were included in the meta-analysis [16, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Three articles covered the same study population [35] [36] [37] ; one article was used for the FHCRC subgroup analysis [37] , and while two articles contained estimates for the BMI subgroup analysis, [35, 36] only the article containing BMI subgroups by separate sex was used for the meta-analysis [36] .
Three of these articles included estimates of the association of physical activity in CRC risk by FHCRC subgroups [28, 32, 37] and 17 articles assessed this association by BMI subgroups [16, 29-31, 33-36, 38-46] . A total of six effect estimates were extracted for associations by FHCRC [28, 32, 37] , while 63 effect estimates were extracted for associations by BMI subgroups [16, 29-31, 33-36, 39-44] as some studies reported more than two BMI subgroups [16, 31, 33, 34, 36, 38, 40, 46] or gave separate estimates by sex [31, 33, 36, 39, 43, 44] or cancer site [29, 34] . Additionally, we contacted six authors for additional data related to subgroup analyses of physical activity and colorectal cancer risk, and received the data requested from two studies [29, 34] .
Study characteristics
A summary of the 18 included studies is presented alphabetically by study design in Table 1 . There were nine case-control studies (eight population-based and one hospital-based) and nine prospective cohort studies, with three articles covering the same study population [35] [36] [37] . All studies were conducted in adult populations, with ages ranging from 18 to 85 years of age. Most studies contained estimates for both sexes, together [16, 28-30, 32, 37, 38, 45, 46] or separate [31, 33, 35, 36, 39, 43, 44] , although there were a few studies that consisted of only males [34, [40] [41] [42] . Seven studies were conducted in the United States [35-39, 41, 42, 45, 46] , five studies were conducted in Europe [15, 16, 28, 30, 40] , two in Canada [33, 34] , three in Asia [31, 32, 43] , and one in Australia [29] . All studies included in this meta-analysis contain at least 100 cases of CRC, although this was not a predefined inclusion criterion. The number of cases ranged from 147 to 4151.
Given that the outcome of interest is incidence of CRC, most studies included used histopathological exams as a method of case confirmation, with the exception of five studies [32, [39] [40] [41] 46] , that relied on registries, medical records or death certificates. In terms of physical activity measurements, all were self-reported measures of physical activity. Questionnaires were either self-administered [16, 28-30, 33, 38, 40-46] or administered by a trained interviewer [31, 32, [34] [35] [36] [37] 39] . In terms of the time period of measurement, only six studies assessed lifetime physical activity [29] [30] [31] [34] [35] [36] [37] [38] , which would be considered our ideal period of measurement to determine disease etiology and possible associations. Two studies had a relatively long period of physical activity measurement (10-17 years) [45, 46] , four studies assessed the past year or two years prior to the questionnaire or interview [16, 33, 40, 44] and six studies had an undefined period of physical activity assessment [28, 32, 39, [41] [42] [43] . The Newcastle-Ottawa Scale was used to assess the quality of each study and is summarized in Additional file 1: Table S2 .
Meta-analysis FHCRC subgroups
In the meta-analysis of studies including FHCRC subgroups, the overall relative risk of CRC associated with physical activity was 0.56 (95% CI: 0.39-0.80) in those without FHCRC, while it was 0.72 (95% CI: 0.39-1.32) in those with FHCRC ( Fig. 2) . While the pooled estimate in those without FHCRC was statistically significantly associated with a decreased risk of CRC, there was no difference between pooled estimates in those with or without FHCRC, as the p-value for the between group comparison was 0.586.
BMI subgroups
In the analysis of BMI subgroups, the pooled estimate for the relative risk of CRC associated with physical activity was 0.74 (95% CI: 0.66-0.83) in the lower BMI group and 0.65 (95% CI: 0.53-0.79) in the higher BMI group (Fig. 3 , stratified by study design). In both BMI groups, physical activity was significantly associated with a decreased risk of CRC, although the difference between groups was not significant (p = 0.389) in the overall analysis (Table 2) .
In further analyses, we stratified our estimates by age, cancer site, study design, whether or not the comparison was for an interaction of BMI and physical activity [30, 31, 33, 36, 38, 40, 45] , as well as the different aspects of physical activity assessments in each study and geographical region (Table 2 ). Within the low BMI group, there were no statistically significant differences across subgroups of the stratified analysis as all p-values were non-significant. However, in the high BMI group, we did observe that there was a statistically significant difference in estimates based on study design (p = 0.002), presence of an interaction between physical activity and BMI (p = 0.001), as well as methods of assessing physical activity in terms of type (p < 0.001) and time period of measurement (p = 0.022). Additionally, we observed several strongly protective associations in the high BMI group in the stratified analyses, particularly in casecontrol studies (pooled RR = 0.51, 95% CI: 0.39-0.66) and in the timing of physical activity assessment with adulthood/lifetime measurement showing a very strong protective association (pooled RR = 0.54, 95% CI: 0.40-0.73). When comparing across BMI subgroups, there were generally no significant differences between low and high BMI relative risks, with the exception of casecontrol studies (p = 0.053) and studies of rectal cancer (p = 0.052), which bordered on significance, in addition to the study by Hou et al. [31] that assessed commuting physical activity (p = 0.001).
Heterogeneity
In the analysis of FHCRC subgroups, there was considerable heterogeneity between these three studies in estimates in those without FHCRC (I 2 = 86.1%, P heterogeneity = 0.001) and in those with FHCRC (I 2 = 63.6%, P heterogeneity = 0.064). Given the small sample size of only three studies, we could not investigate the source of this heterogeneity. Similar to the FHCRC subgroup estimates, there was a high degree of heterogeneity between studies in both the lower BMI group (I 2 = 47.9%, P heterogeneity = 0.003, n = 27 estimates from 15 studies) and the higher BMI group (I 2 = 89.0%, P heterogeneity < 0.001, n = 36 estimates from 16 studies). In our stratified analysis, we found that the variables used to stratify did not explain a majority of the heterogeneity in the low BMI subgroup, as all p-values across subgroups were greater than 0.05. In the high BMI subgroup, we observed that study design, presence of an interaction with BMI and the measurement of physical activity (type and period of measurement) likely played a role in the heterogeneity of estimates, as they all had p-values less than 0.05.
Publication bias
A funnel plot was generated to assess the presence of publication bias in the included studies showed a fairly symmetrical distribution of effect estimates (Fig. 4) . While there was some visual asymmetry present in the funnel plot, Begg's test for small study effects and Egger's regression test found no evidence of publication bias in the overall number of studies (p = 0.352 and p = 0.077, respectively). These tests may, however, have been limited in their statistical power by the small number of included estimates. We did not conduct a publication bias test for studies examining family history because of the small number of studies included with FHCRC subgroups.
Sensitivity analysis
A sensitivity analysis wherein studies were individually removed from the meta-analyses was performed for BMI subgroups, but not FHCRC subgroups due to the small number of studies identified. In this analysis, we did not observe any substantial changes in the heterogeneity of the studies, with the removal of any one study (Additional file 1: Table S3 ). All p-values for heterogeneity tests were still statistically significant. With respect to pooled effect estimates, one study by Hou et al. [31] was found to influence the effect estimate of the high BMI subgroup considerably (Additional file 1: Table S3 ). Furthermore, we completed a sensitivity analysis to investigate the effects of normal (BMI < 25 kg/m , as classified by the World Health Organization. There were five studies that reported BMI using this criteria [16, 33, 34, 40, 46] , and the analysis revealed no statistically significant differences in the effect estimates for the association of physical activity and colorectal cancer risk across subgroups of BMI (p = 0.29, data not shown).
Discussion
In this meta-analysis, the differential associations between physical activity and the relative risk of CRC by the presence of a FHCRC and BMI subgroups were explored. We did not observe that FHCRC significantly modifies the association between physical activity and the relative risk of CRC. Additionally, while a stronger Fig. 2 Adjusted relative risk estimates of physical activity and colorectal cancer risk stratified by family history, listed in chronological order (p-value across subgroups = 0.586). All estimates are for both sexes. * Family history subgroup-specific case numbers were not described for [37] , thus total cases were used for case numbers from this study protective association between physical activity and CRC risk was observed in the high BMI group, the difference in the overall pooled risk estimates between the low and high BMI subgroups was not statistically significant. Our literature search identified nine case-control and nine cohort studies that investigated the association between physical activity and risk of CRC across higher risk subgroups. To our knowledge, no experimental studies have been conducted for this association due to the size and time period of study that would be required to have CRC incidence as an outcome.
Based on our literature search, only three studies contained effect estimates stratified by the presence of a FHCRC. Physical activity was significantly protective for CRC risk in those without FHCRC, while this association was not statistically significant in those with FHCRC. However, the risk was not statistically significantly different between groups. Because of this small sample size, we were not able to explore the effect of FHCRC on the relation between physical activity and relative risk of CRC further, despite the strong heterogeneity between studies. Since family history is often a proxy for genetic susceptibility, we initially hypothesized those with FHCRC would have a more pronounced protective effect of physical activity on CRC risk. In this meta-analysis, we did not observe a statistically significant difference between subgroups and there was a slightly stronger effect in those without FHCRC. This effect was likely because of the large study by Huang et al., [32] which found a statistically significant difference between subgroups of FHCRC, with a statistically significant protective effect of physical activity in those without FHCRC. Additionally, it is possible that while FHCRC should increase risk of CRC, this increased risk is attenuated by increased physical activity and thus, physical activity can prove to be an effective lifestyle modification in cancer prevention for those with FHCRC. However, this meta-analysis was underpowered to determine a conclusive effect of FHCRC on the association between physical activity and risk of CRC. With respect to BMI subgroups, we found that there was a stronger protective association between physical activity and CRC risk in the higher BMI group, which was in agreement with our hypothesis that higher risk groups can have a further reduced risk of CRC with physical activity. Borderline statistically significant associations across BMI subgroups were seen in risk estimates of only rectal cancer and in case-control studies. There were only three studies that provided separate effect estimates for rectal cancer [29, 33, 34] , however, one study was particularly large, with 1447 cases of rectal cancer [33] , potentially providing more power to these estimates. While a previous metaanalysis of the association between BMI and cancer incidence of various sites found that BMI had less of an effect on incidence of rectal cancer compared to colon cancer [47] , the present meta-analysis indicates that the association between physical activity and CRC risk is substantially more beneficial in those with higher BMI. In our stratified analyses of BMI subgroups, we also observed a substantially lower risk of CRC with physical activity with higher BMI in the seven case-control studies identified in our search. We hypothesize that this difference could be attributable to biases associated with case control studies, such as recall bias or selection bias, which may overestimate the true association of physical activity and risk of colorectal cancer. In the absence of recall or selection bias, it is possible that case-control studies had more detailed measurement of physical activity in their questionnaires, which could have resulted in less measurement error and therefore, less attenuation of the relative risks.
Due to the inclusion of multiple effect estimates from some studies compared with other studies with only one estimate, we performed a sensitivity analysis with only one effect estimate from each study to confirm that the effect estimates from one study were not overly influencing others. We did not observe any substantial impact due to potential non-independence of results in any of our analyses (data not shown).
Previous studies have shown stronger protective effects of increased lifetime or adulthood physical activity with not only CRC, but other cancer sites as well, and heterogeneity across studies is largely attributable to characterization of physical activity [48, 49] . Much of the heterogeneity observed in this metaanalysis could also be attributed to differences in measurement of physical activity as the type, time period measured, reference group and quantification of physical activity were significantly different across these studies. While the differences in these variables are only statistically significant in the high BMI group, there was a clear trend across both BMI subgroups showing that measurement of adulthood or lifetime physical activity was associated with the most beneficial effect on the risk of CRC. This finding supports previous studies that have shown stronger protective effects of increased lifetime or adulthood physical activity with not only CRC, but other cancer sites as well [48, 49] . However, few studies have investigated the role of the timing of physical activity exposure in life and further research in this area is necessary [48] While.
In a sensitivity analysis in which studies were individually removed from the BMI subgroup analysis, no study was found to impact the heterogeneity of studies in the analysis significantly. However, the study by Hou et al. [31] was found to contribute substantially to a more protective association of physical activity in relation to risk of CRC. This study was the only investigation in our analysis that measured commuting physical activity, which can represent a large amount of activity and contribute considerably to the protective association observed. In addition, there were two studies with small sample sizes [28, 39] , which may have contributed to the heterogeneity between the studies since the small sample sizes from these two studies are reflected in the precision of their effect estimates.
In addition to the small sample size of studies stratifying by risk factors of CRC, this meta-analysis faced further limitations, common in performing meta-analyses, such as selection bias and the large degree of heterogeneity between studies. Because we limited the search to studies investigating the association of physical activity and colorectal cancer risk that stratified by higher risk subgroups, we likely excluded a number of studies that may have collected this information, but did not report stratified Fig. 4 Funnel plot of study estimates of colorectal cancer risk with physical activity by high and low BMI subgroups results. Although we did attempt to contact authors, it is possible that selection bias in the inclusion of studies may have occurred. While we did not observe any publication bias in studies that stratified by BMI, we were unable to perform this analysis on studies that stratified by FHCRC due to the low number of studies identified in our search. Furthermore, we observed a large degree of heterogeneity between studies included in this meta-analysis that could be attributed to differences in study design, presence of an interaction with BMI and the measurement of physical activity in each study.
While the mechanisms by which physical activity decreases risk of CRC remain unclear, it is possible that this relation can be modified by BMI, as previously described [35] . It has been hypothesized that physical activity can shorten gastrointestinal transit time, enhance immune function and alter bile acid secretion, serum cholesterol or hormones of the gastrointestinal tract and pancreas [50, 51] . However, most evidence regarding the modification of the association between physical activity and CRC risk by BMI points to changes in insulin sensitivity as the predominant mechanism. Physical activity has been shown to increase insulin sensitivity [52] , while obesity decreases insulin sensitivity [53] and it is possible that the interaction of the two can result in more benefit from increased physical activity for high BMI subgroups with respect to CRC risk reduction. Lastly, high-risk populations are under increased surveillance and screening because of an increased absolute risk of cancer, even with the same relative risk, thus, efforts to increase physical activity in these populations may have a greater impact in reducing the cancer burden.
In this meta-analysis, we did not find any studies that examined the impact of physical activity across groups of individuals who have a history of previous colon polyps, or those with strong risk factors for CRC, such as tobacco smoking and alcohol consumption. Additional research in these populations, particularly those with previous adenomas, is warranted to examine the potential for prevention of subsequent CRC. Due to the limited number of studies measuring the effect of physical activity across FHCRC subgroups, there is also a need for additional studies among those with FHCRC in order to better assess how a modifiable lifestyle factor, such as physical activity, can further reduce the risk of CRC in high-risk and high BMI populations [54] . Furthermore, we did not come across enough studies that specifically measured the type, frequency, intensity and durations of physical activity to perform a metaanalysis on these parameters, which are likely important in colorectal tumourigenesis. Thus, additional research on these factors in physical activity is warranted.
Conclusions
This meta-analysis found a statistically significant overall protective association between physical activity and the risk of CRC, with no statistically significant differences by FHCRC or BMI subgroups. The protective association with physical activity was stronger in the higher BMI subgroup. Increased physical activity could potentially have an added benefit as a method of cancer prevention in higher risk subgroups and can be promoted in screening programs for the higher risk populations.
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